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2TAl, 4749Tj, 31P, and 13C MAS NMR Study of VX, GD, and HD Reactions with Nanosize
Al,0O3, Conventional Al,Oz and TiO,, and Aluminum and Titanium Metal

George W. Wagner,*' Lawrence R. Procellf and Shekar Munavalli*$

U.S. Army Edgewood Chemical Biological Center, AberdeeniRgoGround, Maryland 21010-5424, and
GEO-CENTERS, Inc., Gunpowder Branch, P.O. Box 68, Aberdeerirgré&round, Maryland 21010-0068

Receied: June 11, 2007; In Final Form: September 18, 2007

Reactions of VX, GD, and HD with ADs, TiO, (anatase and rutile), aluminum, and titanium metal powders
have been studied RAfAI, 474°Ti, 3P, and®*C MAS NMR. VX, GD, and HD hydrolyze on both nanosize

and conventional ADs. A significant droplet size effect on the reaction kinetics is observed. For VX and
GD, ?Al and 3P MAS NMR detect the formation of aluminum phosphonate complexes. Similarly, GD
hydrolysis on TiQ yields titanium phosphonate species as detectédbilAS NMR. Attempts at obtaining

47.49Ti NMR spectra of these species and those of titanium phosphonate model compounds at 14 T were
marginally successfut’*Ti NMR spectra were obtainable for anatase and titanium metal; thus, severe second-
order quadrupolar linebroadening is suspected for the titanium phosphonate comPl&esIMR spectra
obtained for anatase at high magnetic field (17.5 and 21 T) showed anticipated improvement in peak width
and resolution. GD reacted with aluminum and titanium powder in the presence of water results in acid-
dissolution of the metals and the formation of their respective metal phosphonates.

Introduction described are preliminary assessments of GD reactions with

] ] ) ] _titanium oxide and titanium metal.
Inorganic oxides are currently being considered as reactive

sorbents for the decontamination of chemical warfare agents gxperimental Section
(CWA).! Indeed, an aluminum oxide-based sorbent has already

been fielded for use on vehicles and soldiers’ personal equip-
ment. Another, potential application of reactive sorbents is in
aircratft filtration systems to provide protection to occupants in
contaminated environments. Besides metal oxides, the interac
tion of CWA with metals is also a concern in the demilitariza-
tion? of bulk CWA and CWA munitions, as many chemical
neutralization and/or natural degradation products are acidic and
extremely corrosive to processing equipment. Finally, the
identification of stable, metal-derived CWA byproducts is of
potential importance to the Chemical Weapons Convention

2 i i -
Treaty? where such materials may be uncovered during chal CHCN (mol-sieves), to which was added a measured, molar-

lenge |.nspect|ons. ) ) . . amount of TIP with stirring*H and3P NMR were employed

Previous work with nanosize aluminum oxide (APA4)° {5 determine the extent of reaction of TIP and PMPA,
assessed the reactions of GB (isopropyl methylphosphonofluo-respectively, to form titanophosphonate species. In particular,
ridate), GD (pinacolyl methylphosphonofluoridate), HD [bis- it was found that a 1:2 molar ratio of TIP:PMPA gave an
(2-chloroethyl) sulfide], and VXQ-ethyl S(2-diisopropylamino)-  immediate white precipitate of compourgi with complete
ethyl methylphosphonothioate], where it was found that the reaction/complexation of TIP and PMPA. Recrystallization of
products of the nerve agents GB, GD, and VX formed novel this material with alcohol provided light-yellow, clear crystals
aluminophosphonate compounds. Also, appropriate alumino-which were apparently amorphous as they did not diffract
phosphonate “markers” possessing potential environmentalx-rays, Calculated for GH»0,P,Ti: C, 36.8; H, 6.7; P, 15.8;
stability were identified for each of these nerve agents. In the Ti, 12.2. Found: C, 35.90; H, 7.19; P, 11.67; Ti, 13.39.
current study, conventional aluminum oxide-Al,O3) is NMR. 27Al, 3P, and*3C MAS NMR spectra were obtained
examined and compared to the previous ARAlresults.  at 7 T with a Varian Unityplus 300 NMR spectrometer equipped
Additionally, the reaction of GD with aluminum metal to form  with a Doty Scientific 7 mm high-speed VT-MAS probg*®
the anticipated aluminophosphonate is demonstrated. AlsoTi MAS NMR spectra were obtained at 14, 17.5, and 21 T with

Varian INOVA 600 and Bruker AVANCE 750 and 900 NMR

* To whom correspondence should be addressed. Tel: (410) 436-8468. SPectrometers, respectively, using spin echo pulse sequences
E-Taili george.wagner@us.army.mil. to minimize “ringing”® The 14 and 17.5 T instruments were

tggéj“crg‘k’lfgggwﬁ]ocd Chemical Biological Center. equipped with Doty Scientific 5 mm XC MAS NMR probes,

s Current address: SAIC, Gunpowder Branch, P.O. Box 68, APG, MD and the 21 T instrument was equipped with a Bruker 3.2 mm
21010-0068. MAS NMR probe. Double O-ring caps were used to seal 7 mm

10.1021/jp074511k CCC: $37.00 © 2007 American Chemical Society
Published on Web 11/07/2007

Materials. The y-alumina used is Selexsorb CDX (Alcoa)
and has a surface area of 406/gn The alumina was used as
received. Anatase, rutile, aluminum, and titania metal powders,
titanium(1V) isopropoxide, and pinacolyl methylphosphonate
were all obtained from Aldrich-3C-labeled HD (HD*), obtained
locally, was employed to enhance sensitivity f6€ NMR
experiments.

Titanophosphonate SynthesisTitanophosphonate synthesis
was adapted from Mutin et &lusing titanium(I1V) isopropoxide
(TIP) and pinacolyl methylphosphonate (PMPA). Typically, a
measured molar-amount of PMPA was predissolved in dried
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Figure 1. Selected'P MAS and?’Al CP-MAS NMR spectra obtained

at 7.0 T for 16uL GD on y-Al,0;3 (top spectra) and'P MAS NMR
spectra for 3uL GD on AP-ALO; (bottom spectra) at the indicated
times. Insets show assignments of surface-bound PMPA, its corre-
sponding aluminophosphonateand T4 and Oy, sites ofy-Al O3 (see
text).

60 40 20 0 ppm

and 5 mm rotors (Doty Scientific) containing agent-contaminated
samples. Normal “press-fit” caps were used on 5 (Doty
Scientific) and 3.2 mm (Bruker) rotors containing the anatase
samples. Direct polarization (DP) was used to obtain most MAS
NMR spectra [i.e., no cross-polarization (CP) was used];
however2’Al CP-MAS NMR was employed to detect the GD-
derived aluminophosphonat& on y-Al,O3 as previously
described. External shift references used féAl, 31P,13C, and
474977 were 0.1 M AI(NGs)3-9H,O (0 ppm), 85% HPO, (0
ppm), TMS (0 ppm), and SrTi§)(—843 ppni), respectively.
Reaction Procedure.Caution These experiments should
only be performed by trained personnel using applicable safety
procedures. In a typical kinetic run withAl,Os, single 3.5-
uL drops (ca. 1.5 wt %) or larger 3316 4L drops (ca. 5 wt %)

J. Phys. Chem. C, Vol. 111, No. 47, 20017565
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Figure 2. Selected'P MAS NMR spectra obtained for 18 VX on
y-Al,03 (left column), 3.5uL VX on y-Al,05; (middle column), and
3.5uL VX on AP-Al,0O; (right column) at the indicated times. Inset
shows peaks for aluminophosphonatésee text).

its 27Al MAS NMR peak to that of theD;, peal for y-Al,0s.

The ability to adequately resolve these two, disti@gtsites is

due to two, main favorable factors that lead to reduced second-
order quadrupole effect® The first is that, even thougtAl

is quadrupolar, it possesses a modest quadrupole mo@ent,
(Table 1), meaning that it will only modestly couple with
nonzero electric field gradienteg® Second, symmetric envi-
ronments such &Sy and the like, even though perhaps slightly
perturbed, provide for a nearly zero electric field gradient and,
hence, a nearly zero quadrupole coupling couns@agts Qg

of neat, liquid agent were added via syringe to the center of a h, Thus, even at a modest field of 7.0 T, relatively narrow NMR
column containedni a 7. mm MAS NMRrotor. The rotor was  jinewidths and adequate resolution of variotigl sites is
then sealed with a double O-ring cap. MAS NMR spectra were possible for alumina/aluminophosphonate mixtures. Unfortu-
obtained perIOdlca"y to monitor the reaction in situ. For the na’[e|y' as will be seen be'OW, conditions are not quite e}
very high loadings of GD examined on titania, titanium, and fayorable for varioug’4Ti sites in titania/titanophosphonate
aluminum metal, the agent was either mixed with the material mixtures.

of the material containediia 5 mm NMRiube. The tube was  some dependence of the steady-state reaction rate on droplet
then capped, sealed with Parafilm, and placed within the NMR sjze as the 3.4 droplets possess nearly identical half-lives
spectrometer such that the entire column of material/sorbed g poth y-Al,03 and AP-AbOs, ti, = 6.8 and 6.4 days,

latter procedure similarly allowed in situ NMR monitoring of
reactions with these solid materials using “solution” NMR
conditions.

Results and Discussion

Conventional vs Nanosize Aluminum Oxide Reactions.
Figures -3 show MAS NMR spectra obtained for GD, VX,
and HD reacted with conventionptAl O3, showing the effect
of droplet size on reaction rate. Corresponding reaction profiles
are shown in Figure 4. For comparison, previous datalso
shown for GD, VX, and HD on nanosize AP-A)s.

For GD, an identical ratety;, = 1.8 h), regardless of drop
size (3 or 16«L), is observed fory-Al,O3 and AP-AbOs. The
expected GD-derived aluminophosphonate (A§P(CH)-
OPink, 1) is also clearly evident in both tHéP MAS and?’Al
CP-MAS NMR spectra as indicated in Figure 1. Other peaks
are due to surface-bound PMP&!P) and tetrahedrall§) and
octahedral Qq) Al sites y-Al,O3 (¢7Al).6

As depicted in Figure 1, the Al site for compouridis
envisioned to posse$3, symmetry owing to the proximity of

ti2 = 9.2 days.

Analogous to the GD reaction, the VX-derived aluminophos-
phonate (AI[QP(CH)OEt];, 2) forms as indicated in théP
MAS NMR spectra of Figure 2. Further note the sharpness of
the3P MAS NMR peak for this species, which remains soluble
near neutral pH,compared to that of which is insoluble at
neutral pH. Thus, the sharpness of the pealfig attributed
to increased motion as a result of this species remaining
dissolved within the adsorbed water layer residing on the as-
received (un-driedy-Al,0s.

For HD, the dependence of steady-state reaction rate on
droplet size is quite extreme, with the A8- droplet size
exhibiting ty» = 70.9 h, compared to 44 min for the 3/%-
droplet. For the small 3.aL droplet size, the reaction rate on
y-Al;03 is considerably faster than that on AP-8§ (ti, =
6.3 h). However, the surface hydration state, which was not
controlled, may be contributing substantially to this difference.
Dramatic effects of surface hydration on HD reaction kinetics
on sorbents have been previously obsef/edleed, substantial
formation of the CH-TG sulfonium idhon y-Al,O3 indicates
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Figure 3. Selected®C MAS NMR spectra obtained fatL HD* on y-Al,O;3 (left column), 3.5uL HD* on y-Al,O3 (middle column), and 3.5L
HD* on AP-AIO3 (right column) at the indicated times. Insets show peaks detected for CH-TG sulfonium ion and TG hydrolysis products (see

text).
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Figure 4. Reaction profiles for GD, VX, and HD reactions withAl,0; and AP-ALOs.

TABLE 1: NMR Parametersa for 27Al, 47Ti, and 4°Ti

nuclide natural abund (%) v, (MHz)° | Q (barn)
2TAl 100 156.3 5/2 0.15
41T 7.28 33.8 5/2 0.29
49Ti 5.51 33.8 712 0.24

2 Reference 82 Resonance frequency,, at 14.1 T.
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to volume ratio; (2) the vapor pressure of the agents varies
widely,'® with GD > HD > VX, allowing the more volatile
agents to spread more rapidly through the sorbent (in lieu of
other transport mechanisms such as water-solubility); and (3)
the order of water solubility of the agents, under basic
conditions, is GD> VX > HD. Thus, with its solubility in

water, GD is able to spread and react more quickly across the
abundant water is present; alternatively, the preferred thiodig- hydrated alumina surface and drop size has little effect; the high

lycol (TG) product observed for AP-ADs is suggestive of a

volatility of GD also contributes to its ability to quickly disperse

much drier surface. Additional studies looking at hydration and react. However, VX has more limited water solubility (under
effects must be conducted to definitively compare the relative basic conditiong; pK, = 8.6') and extremely low volatility;

reactivities of the two aluminas.

thus, it spreads more slowly, even on a (basic) hydrated surface,

The reactivity behavior exhibited by the agents, which is drop resulting in a noticeable drop-size effect, and it is by far the
size-dependent in some cases, may be attributed to three majomost persistent. Finally, although HD is water-insoluble, its
effects: (1) smaller drops react faster owing to their large surface volatility and rather facile hydrolystsstill enables it react quite



Reactions With AIO3, TiOz, Al(), and Tim)

J. Phys. Chem. C, Vol. 111, No. 47, 20017567

2TA1 MAS

Al ), 1639 ppm

3P MAS C MAS
80 60 40 20 0 -20  ppm 70 50 50

AN

2000 1400 800 400 0 ppm

U

30 20

ppm

Figure 5. 3P, 13C, and®’Al MAS NMR spectra obtained at 7.0 T for GD reacted withs4\in the presence of water. Insets show assignments of

peaks to Al and aluminophosphonate(see text).

fast in small drops but much more slowly in large drops.
Additionally, surface hydration has been shown to have a
profound impact on the reaction of H@as well as the other

agents; see below for GD), and future studies are needed to

sort this out. Indeed, such uncontrolled hydration effects could
well account for the apparent reactivity differences exhibited
by y-Al,0;3 and AP-ALO; in the small, 3.5:¢L drop-size
experiments for HD.

GD Reaction With Al Metal. As mentioned above, nerve

agent degradation generates acidic products which have been

showr? to dissolve alumina to generate aluminophosphonates.
Such acids would also be expected to oxidize/corrode aluminum
metal (Alm)) to generate the same products. The reaction of
GD with Al powder in the presence of water does result in
the quantitative formation df, a white, microcrystalline powder
(Figure 5). Note that a singl@P MAS NMR peak is present
for the compound indicative of the simple crystal structure
containing only a single P site. THEC MAS NMR spectrum
yields additional important information on the structure, showing
that the pinacolyl group is still attached to the phosphonate;
that is, secondary hydrolysis of this group did not occur. Finally,
the 27Al MAS NMR spectrum shows residual @ at the
expected Knight shift of 1640 ppii.Note that this metal has
cubic symmetry and, hence, an essentially 289 leading to

its quite narrow NMR line width.

Titanium Oxide Reactions. Titanium oxide exists in two
common forms, rutile and anataSelnitial work focused on
their relative reactivities for GD and the potential formation of
titanophosphonatésrigure 6 show$'P NMR spectra obtained
for 50 wt % GD on anatase (loaded with 11 wt % water) and
rutile (initially without added water). In the absence of added
water, GD reacts only slowly on rutile; however, the addition
of copious water (100 wt %) results in the facile, quantitative
reaction to the expected hydrolysis product PMPA. For GD on
anatase with preadsorbed water, a rather facile reaction similarly
ensues, again providing quantitative conversion to PMPA. Thus,

Free PMPA

N

3p MAS

31p Static

t=25 min t=1 day

.

t=27 days 31p Solution

CH;CN Extract

titanophos-
phonate(s)

/

A ————
38 32 256 ppm

t=1day t=7 days

ML

38 32 26 ppR

_t=2days

t=>5 days after
100% H,0 added

38 32 26 ppm 38 32 26 ppm

Figure 6. Selected®P and3'P MAS NMR spectra obtained for GD
reactions with anatase (11 wt % water added; top spectra) and rutile
(bottom spectra; before and after 100 wt % water added).

38 32 26 ppm

PMPA complexed in one or more titanophosphonate species.
Unlike the corresponding aluminophosphonate, the titanophos-
phonate(s) must possess a more complex structure as evidenced
by the multiple P sites.

As shown in Figure 7, attempts at synthesiZitige authentic
titanophosphonate(s) starting with Ti(OR(TIP) and PMPA
showed that a mole ratio of about oné'Tto four PMPA gave
a soluble complex possessing multiple P sites (a minor amount
of free PMPA is also detected). However, a mole ratio of one
Ti** to two PMPA gave an immediate white precipitate3of
with no free PMPASP MAS NMR showed the presence of
multiple P sites foB. 13C MAS NMR confirmed that the PMPA
remained intact in the complex (no hydrolysis of the pinacolyl
group occurred). An attempt at obtaininga°Ti NMR513-14
spectrum of the compound yielded only a single, broad feature

both anatase and rutile react with GD, provided adequate waterat =512 ppm. Such a broad peak suggests that the Ti sites

is present.
Closer inspection of the GD-anatase product®#y MAS
NMR (Figure 6), which enabled improved resolution, revealed

possess distorted symmetry and, hence, a l@ge

GD Reaction With Ti Metal. Figure 8 shows NMR spectra
obtained for the reaction for GD with titanium metal powder

additional, small peaks due to titanophosphonate species, at leasfTim)). For this sample, Ty (0.1 g, 2.1 mmol) was mixed with

some of which are soluble as shown in #i#8 NMR spectrum
of the CHCN extract of the product(s) (Figure 6). The large
peak in the extract is free PMPA; the small peaks are due to

anatase (0.3 g, 3.8 mmol) and reacted with 193 wt % GD (0.77
mL, 4.2 mmol).3?P NMR of the precipitate in contact with the
reaction solution (Figure 8) showed the formation of the
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Figure 7. 3P and'H solution NMR,*74Ti static NMR, anc?'P and'*C MAS NMR spectra obtained at 7.0 T and 14T4T) for titanophosphonate
syntheses. Insets show PMPA:TIP ratios employed and peaks due to soluble titanophosphonate(s), free PMPA, and insoluble titanophophosphonate

3 (see text).
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Figure 8. 3P solution NMR spectrum obtained for GD reacted with
Tim (left) and 47*°Ti static NMR spectra obtained at 14 T for the
reaction of GD with Tg, mixed with anatase (right column): &j
mixed with anatase before (middle right) and after GD added (bottom
right). Also shown is theé”4°Ti static NMR spectrum of authenti@
synthesized from 2:1 reaction of PMPA and TIP (top, right). Insets

ppm also exhibited a substantial decrease, showing that GD
reacted with this material as well. Note thafjipossesses
lower, hexagonal symmetry leading to a rather la@geof 9.25
MHz3 and the resultant broadened line shape. By comparison,
anatase possesses tetragonal symmetry leading to dis@yted
sites but a more modes. of 4.79 MHZ3® and a much
narrower line width. Note that for these low signal-to-noise
spectra, only thé®Ti line is observed which is much sharper
than the*'Ti line (see below) owing to its lowe® and larger
spirP (Table 1).

Nature of the GD-Derived Titanophosphonate Structure.
Titanophosphonates are well-known in the literatt¥emany
of which are solublé. All exhibit quite complex, cage-like
structures? possessing multiple Ti and/or P sites. Furthermore,
frequently the Ti sites are not symmetric. Thus, it is not
surprising that the structure of the GD-derived titanophosphonate
is also complex, possessing multiple P sites (as showfmby
NMR) and that the Ti sites have apparent distorted symmetries

show reactions involved and peak assignments for titanophosphonate(as suggested 4°Ti NMR). During synthesis from titanium

3, Tim) and anatase (see text).

titanophosphonate species with very little free PMPA (sharp
peak).*”4Ti NMR spectra taken before and after the addition
of GD show the loss of the (i) peak (at the expected Knight
shiftt3b14 of ca. 2800 ppm) and the formation of the titano-
phosphonate feature at547 ppm. The anatase peak-a862

alkoxides such as TIP, titanophosphonates tend to form Ti
O—Ti bonds in addition to T+O—P bonds! This is due to a
side reaction with adventitious water. Indeed, greater yields of
titanophosphonates are seen with the addition of watdso,
structures formed from bidentate ligands such as PMPA tend
to form distorted D4R structur&scontaining a TjO4 core#b15b
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Figure 9. 474°Ti MAS NMR spectra obtained for anatase at 14, 17.5,
and 21 T. Insets show assignments®fi and*’Ti nuclides (see text).

Thus, insoluble, 1:2 TIP:PMPA titanophosphonates postu-
lated to have the following empirical formula: Ti(O}P(CHg)-
OPinkb. Note that elemental analysis of the compound is
consistent with this formula (see the Experimental Section).
47.49Ti NMR at High Magnetic Field. The attempts to obtain

decent*”*Ti NMR spectra of titanophosphonates at the modest
field of 14 T, which was intended to both garner structural
information analogous to that provided by #fal NMR spectra

obtained for the aluminophosphonates (at a quite modest field

of 7 T) and to provide for the in situ detection of these species
within solid matrices, were only marginally successful. A major
source of the difficulty apparently lies in the rather la@s

of the 4’Ti and “°Ti nuclei, 0.29 and 0.24, respectively (Table
1). Both of theseQ values are considerably larger than that of
27Al (0.15). As mentioned earlier, large values lead to strong
coupling to nonzero electric field gradientsg induced by
distorted site symmetries giving rise to large quadrupole
coupling constants?qQ/h. Thus, the resultant large, second-

order quadrupolar effects yield broadened lines and poor

resolution of potential multiple site resonances. Indeed, it is
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does not possess adequate signal-to-noise to revedThe
resonance). Further note that the centers of*tfie and #7Ti
features shift toward higher frequefcat the higher fields since
these lineshapes are actually MAS-averaged second-order qua-
drupolar powder patterns and, thus, do not truly represent
isotropic chemical shifts.

Conclusions

Drop size has a large effect on the reaction of VX and HD
with alumina but less effect on the reaction of GD. This is
attributed to the both the greater water solubility and volatility
of GD, which allows it to spread more readily over the hydrated
alumina surface. GD reacts with @&} to form the same
aluminophosphonat# derived from alumina. GD reacts with
rutile, anatase, and ¢ to yield titanophosphonates. The
formula of the insoluble GD-derived titanophosphonatés
postulated to be Ti(O)[&P(CHs)OPink, in agreement with
elemental analysis. High-field’4Ti MAS NMR of anatase
shows marked narrowing of its signals compared to low-field
measurements. High-fiell-4°Ti MAS NMR should similarly
allow for improved characterization of agent-derived titano-
phosphonates.
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